Although classified as monoclonal proliferations arising from musculoaponeurotic structures, these lesions have long been noted to be locally aggressive and often recur after resection. 11, 13, 24 Although multiple intra-and extraabdominal lesions can be associated with the autosomaldominant familial adenomatous polyposis variant known as Gardner syndrome or other familial syndromes, most cases encountered by the neurosurgeon are solitary and sporadic. 5, 23 Desmoid-type fibromatoses arising in the neck and supraclavicular region are often adjacent to or encasing crucial neurovascular structures including the brachial plexus making wide local excision with microscopically negative margins unfeasible without unacceptable morbidity. Despite the challenge these lesions present both at surgery and in choosing what adjuvant therapies should be used, surprisingly little neurosurgical literature exists devoted to this topic. In 2006 we reported our experience with four cases of desmoid-type fibromatosis involving the brachial plexus. In addition, we assessed these lesions for mutations in the c-KIT oncogene in hopes of establishing a basis for predicting which of these lesions would respond to the chemotherapy agent imantinib mesylate. We also performed a review of the existing literature in an attempt to identify the most efficacious adjuvant treatment regimen. 25 Here, using additional data obtained since our initial report, we aim to readdress the management of these lesions with an emphasis on the application of adjuvant therapies. Given the high rate of recurrence and local invasiveness associated with desmoid-type fibromatosis it is
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Material and Methods
We retrospectively reviewed the charts of the four patients with sporadic desmoid-type fibromatosis involving the brachial plexus treated at our institution. 25 These patients included three women and one man who ranged in age from 42 to 57 years at the time of presentation. Polymerase chain reaction analysis was used to amplify and sequence exons 9, 10, 11, and 17 of the c-KIT oncogene to search for mutations in each of these tumors using techniques described in our previous publication. 25 A literature search was also performed with the OVID search engine using terms such as "desmoid," "desmoid tumor," and "desmoid-type fibromatosis" in conjunction with "plexus," "brachial plexus," or "peripheral nerve" to find relevant case series and review articles.
Results
All four patients with desmoid-type fibromatosis involving the brachial plexus treated at the University of Colorado are still living after a mean follow-up period of 57 months. In all patients, the tumor was noted to be originating from the scalene musculature at the time of the initial operation. Using a meticulous dissection technique, the neurovascular elements were first identified and examined to determine the involvement by tumor prior to resection of the lesion (Fig. 1) . Gross-total excision was achieved at all initial operations and all repeated operations. Three of the four patients required repeated operation for tumor recurrence, and no patient has gone on to undergo a third surgery.
The presenting symptoms in this cohort included a palpable mass in all four cases, localized tenderness and pain in the region of the mass in two cases, and mild deltoid, triceps, and biceps weakness (Grade 4/5) in one case. In all four patients initial MR imaging revealed an enhancing mass involving the brachial plexus (Fig. 2) .
Radiation Therapy
Fractionated radiation therapy totaling 50 to 54 Gy was delivered in all four cases. In two cases radiation therapy was started empirically shortly after the initial operation, while in the two earlier cases it had been delayed until after tumor recurrence and repeated operation, reflecting a change in our practice habits. In only one patient has tumor progression occurred after radiation therapy, and in this patient the tumor is felt to have recurred outside the radiation field.
Chemotherapeutic Agents
Chemotherapeutic agents were used in two cases. Tamoxifen was used twice-once after the initial surgery and once following recurrence after repeated operation. In both cases tumor growth occurred during therapy though in one case tumor size was noted to be stable on followup MR images for 12 months. Imatimib mesylate was used in one case after tumor recurrence was noted following two surgeries and fractionated radiation. Increase in tumor size was noted over nine months of therapy and the patient was subsequently switched to tamoxifen.
Surgical complications in this series include one case of hemidiaphragm paralysis following an initial operation (which has since resolved after 24 months of follow-up) and two cases following reoperation. In only one of three cases was hemidiaphragm paralysis mildly symptomatic otherwise it was only apparent radiographically. One patient reported new subjective tightness in the field of radiation without any subjective deficits. No new sensorimotor deficits occurred during therapy or follow-up.
Pathological Characteristics
Histologically, all lesions had a similar appearance, with plump tapering fibroblastic-appearing cells and collagen deposition (Fig. 3A and B) . All lesions had scant mitotic activity, far less than the 5/10 hpf used to classify a lesion as a low-grade fibrosarcoma. 3 In all cases tumor infiltration was present at the edge of the resected area, suggesting microscopic subtotal resection. In three of four cases the tumor contained occasional elongated cells that stained positive for S100 protein (polyclonal; Dako Corp.) (Fig. 3C ). This has been previously noted in desmoid-type fibromatoses, and can make the pathological distinction from neurofibroma challenging without clinical correlation. 6 In all four tumors, sporadic cells were also weakly immunoreactive for c-KIT (CD117) (polyclonal, Dako Corp.)
Mutational Status of c-KIT
In the analysis of these tumors for a mutation in the c-KIT oncogene, we identified a single base pair change in exon 10 in three of four cases. In two tumors this consisted of a base pair change at codon 541 (A to C) resulting in an amino acid change from methionine to leucine and in one tumor a base pair change at codon 546 (A to G) without any amino acid change. The tumor of the one patient that received imitimab mesylate exhibited the A to C base pair change at codon 541.
Literature Review
A review of the literature identified two case series reporting treatment of desmoids tumors involving the brachial plexus. The first series, reported by Gaposhkin et al., 9 and reviewed in our original publication 25 is included in our aggregate series seen in Table 1 . The second case series reported by Ganju and colleagues 8 includes six patients undergoing surgical treatment for desmoids tumors at Louisiana State University Health Sciences Center. Age, sex, site of tumor origin, prior therapy, extent of resection, postoperative status, and duration of follow-up are reported. These patients have been reported in the series summarized in Table 1 . None of these patients had undergone prior chemotherapy or radiation. Unfortunately no information is available concerning subsequent adjuvant therapy.
Discussion
Despite the challenges that desmoid-type fibromatosis involving the brachial plexus pose there is very little neu-rosurgical literature devoted to this topic. Although trauma and prior surgical procedures leading to scar formation have been previously identified as risk factors for the formation of desmoid-type fibromatoses, to our knowledge only one other case series exists in the neurosurgical literature that addresses nonfamilial adult desmoid-type fibromatosis. 7, 9, 12, 16, 22 Extraabdominal desmoid-type fibromatosis has been reported to be 1.5 to 3 times more common in women and occurs with an incidence of 0.2 to 0.4 tumors per 100,000 people/year making them fairly common soft tissue tumors. 10, 12, 21, 22 Our series is consistent with these statistics as three of our patients are female. The head and neck region (especially supraclavicular region) is the most common extraabdominal site for these lesions, accounting for 9 to 35% of the cases of extraabdominal desmoid-type fibromatosis. It is therefore fitting that these lesions represented the most common benign tumor involving the brachial plexus in a series of 146 nonneural sheath nerve tumors reported by Kim et al. 15 in 2005. In their series, desmoid tumors accounted for six of 33 tumors involving the brachial plexus.
Obtaining local control of these tumors is problematic. In the four cases treated at the University of Colorado,
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Desmoid-type fibromatosis involving the brachial plexus GTR was obtained in all cases, albeit with microscopic positive tumor margins. The surgeries were performed while focusing on the preservation of the surrounding neurovascular structures. Our high local recurrence rate of 75% after initial resection is consistent with the existing literature. Recurrence rates for dermoid-type fibromatoses, even with wide resection, an improbability when dealing with the brachial plexus, range from 24 to 77%. Because of the locally aggressive nature of the these tumors many clinicians place them in the same category as low-grade fibrosarcomas. It is important to realize, however, that desmoid-type fibromatoses do not have the potential to metastasize to different sites or degenerate into higher-grade malignancies. 2, 8, 12 It is also important to distinguish desmoid-type fibromatoses from nerve sheath tumors such as schwannomas and neurofibromas because of their different natural histories and need for postsurgical therapies. If the tumor is noted to arise from musculoaponeurotic structures, the pathologist should be informed as this will increase the likelihood of the correct diagnosis being made on frozen and permanent sections. In extraabdominal locations, the diagnosis of desmoid-type fibromatosis is less likely to be entertained and in some instances may have considerable overlap with neurofibroma, such as the presence of wavy tumor nuclei, focal myxoid change, and occasional S100 protein immunoreactivity. 6 This dilemma was illustrated in two of our cases. During frozen section examination of one of our cases the neuropathologist was only able to render a differential diagnosis of neurofibroma or desmoid-type fibromatosis until the site of tumor origin was specified. In another case, the patient underwent a second resection at another large referral center for tumor recurrence after initial resection and diagnosis at the University of Colorado. At the time of this second procedure, the histological features of the tumor prompted the diagnosis of neurofibroma until the site of origin was specified by the neurosurgeon.
Our previous experience with treatment of plexal tumors has enabled us to successfully avoid the creation of new neurological deficits in our patients, with the exception of phrenic nerve injury resulting in hemidiaphragm paralysis. This complication occurred in one patient after the initial surgery and in two other patients after the second operation. Interestingly, in the only patient in whom hemidiaphragm dysfunction was symptomatic and manifested by mild dyspnea on exertion, phrenic nerve function was recovered. In the other two case series addressing desmoid-type fibromatoses of the brachial plexus, this complication was not commented on. 8, 9 It is plausible that this omission may be indicative of the rarity of symptomatic hemidiaphragm paralysis as it may often only be noticed on careful radiographic review of plain chest films.
Our initial strategy when we began encountering these tumors in the mid-1990s was to proceed with the best possible resection and limit fractionated radiotherapy in cases of tumor recurrence. This approach was later altered as a result of the tumor recurrences that have occurred in three of our four patients. We now favor proceeding with radiotherapy at a total dose of 50 to 54 Gy after the initial surgery. Authors of studies of desmoid-type fibromatoses occurring in nonneurosurgical locations have suggested that radiation therapy with or without surgery offers improved local control. 11, 13, 14, 22 Nuytten and colleagues 19 in a review of 22 series from the literature, found a local control rate of 75% with surgery and radiation therapy, 78% with radiation alone, compared with 61% with surgery alone. In 2006, Wang et al. 27 published their experience with 24 desmoid tumors of the head and neck and en- dorsed surgery with repeated resection as necessary without empiric adjuvant radiotherapy. These authors cite good local tumor control and low morbidity associated with reoperation as reasons not to expose patients to the potential side effects of radiotherapy. As this time we disagree with this strategy based on our experience and the bulk of the literature that suggests that radiation is a key component in achieving local control, and is generally well-tolerated by the patient (no side effects were noted in our patients except for one case of subjective tightness in the treatment field).
To our knowledge the only other two case series in the literature devoted to low-grade soft tissue tumors involving the brachial plexus are the 1998 study by Gaposhkin et al., 9 who reported 15 patients, 11 of whom had desmoid tumors, and the experience of Ganju and associates, 8 who reported six desmoid tumors out of 111 consecutive surgically treated brachial plexus tumors. Unfortunately, Ganju et al. did not comment on which patients received radiation therapy or on the interval between the initial surgery and tumor recurrence. Combining our experience and that of both Gaposhkin et al. and Ganju et al., a total of 21 cases have been reported (Table 1 ). The mean age of presentation among these patients is 49 years with 12 of the 21 patients being female. Fourteen of the 15 patients (93%) for whom we have information on adjuvant therapy received some form of radiation therapy. After a mean follow-up of 61 months, 15 of 21 patients were diseasefree while six patients were living with persistent disease. Interestingly, the one patient from our institution who is living with persistent disease had her recurrence arise outside of the field of radiation. Dying of desmoid-type fibromatosis is felt to be rare and was not reported in any of the patients in these series. 8, 9, 25 Of the combined 21 patients from our study and others, 10 (48%) had new or worsened pain after resection, and 10 (48%) had new or increased upper extremity weakness. Two of 21 patients underwent forequarter amputations for recurrent tumor. Of the four patients reported in our series, the only new neurologic deficits were the three cases of hemidiaphragm paralysis. This high rate of neurological morbidity seen in this aggregate series of patients underscores the need for the treating surgeons to have expertise in working in this region of the body. It also emphasizes the importance of evaluating the risk/benefit ratio of obtaining a more extensive tumor resection at the expense of putting neurovascular structures at risk.
In addition to surgery and radiation therapy, chemotherapy, both hormonal and cytotoxic, has been used in the management of desmoid-type fibromatosis. Hormonal therapy has been explored based on the observed female predominance in this disease as well as the finding that some of these tumors exhibit estrogen receptors. Several reports have anecdotally confirmed a good response to treatment with tamoxifen or medroxyprogesterone acetate in combination with goserelin. 26, 28 In some patients in whom desmoid-type fibromatoses are not amenable to resection, cytoxic chemotherapy regimens have been employed with some success. Patients have generally been treated using a sarcoma regimen (cyclophosphamide and doxorubicin; ifosamide and etoposide; and mitomycin-C with doxorubicin and cisplatin). 20 Recently imatinib mesylate has been advocated for use in these mesenchymal lesions on the basis that occasional positive immunostaining for the c-KIT (CD117) marker has been seen. This agent has been used successfully as adjuvant therapy for gastrointestinal stromal tumors, which exhibit strong immunoreactivity for c-KIT (CD117). In these tumors, the therapeutic response has been found to correlate best with c-KIT mutational status. 4 In our series all four tumors showed weak cytoplasmic immunoreactivity to CD117 in sporadic cells. Using polymerase chain reaction we identified a single base pair change at exon 10 of the c-KIT gene in three of four cases. In two tumors, a single base pair change at codon 541 (A to C) resulted in an amino acid change from methionine to leucine. In one case, a base pair change at codon 546 (A to G) resulted in no amino acid change. We cannot be sure whether these base changes represent a true mutation or a polymorphism; however, the normal frequency of the wild-type allele at this site is listed to be 99.9% on the nucleotide polymorphism database (www.ncbi.nlm.nih.gov/SNP). Although no mention is given in the database to the A to C base pair change at codon 541, Nagata et al. 17 have documented that this change occurs in 9% of healthy individuals. This base pair change was also found in cases from our laboratory data base in one abdominal desmoid-type fibromatosis, one malignant melanoma, and four of 20 gastrointestinal stromal tumors. The one patient in our series who received imatimib mesylate had the A to C base pair change at codon 541. Unfortunately, no positive therapeutic response was noted, and the patient was subsequently switched to hormonal therapy with limited benefit. To our knowledge no other laboratory has assessed the c-KIT mutational status of desmoid-type fibromatosis.
Recently, several other advances have been made in understanding the biology of these neoplasms, including the finding of upregulation of the Wilm tumor gene 1 and high-level beta-catenen protein expression. 1, 18 Selective estrogen receptor modulators such as reloxifene and vitamin D3 are also being heralded as having therapeutic benefit in patients with desmoid-type fibromatosis.
Conclusions
Desmoid-type fibromatoses involving the brachial plexus are locally aggressive lesions with a high rate of recurrence even after GTR. We advocate the use of fractionated radiotherapy after resection in order to obtain optimal local control. Although there are no large studies confirming the benefit of specific chemotherapeutic drugs with regard to these lesions, several potentially beneficial agents have been identified. We believe the use of imatimib mesylate merits further investigation based on the c-KIT oncogene abnormalities we have observed in several of these neoplasms.
